Burkholderia mallei is a facultative intracellular pathogen that causes severe disease in animals and humans. Recent studies have shown that the cluster 1 type VI secretion system (T6SS-1) expressed by this organism is essential for survival in a hamster model of glanders. To better understand the role of T6SS-1 in the pathogenesis of disease, studies were initiated to examine the interactions of B. mallei tssE mutants with RAW 264.7 murine macrophages. Results obtained by utilizing modified gentamicin protection assays indicated that although the tssE mutants were able to survive within RAW 264.7 cells, significant growth defects were observed in comparison to controls. In addition, analysis of infected monolayers by differential interference contrast and fluorescence microscopy demonstrated that the tssE mutants lacked the ability to induce multinucleated giant cell formation. Via the use of fluorescence microscopy, tssE mutants were shown to undergo escape from lysosome-associated membrane protein 1-positive vacuoles. Curiously, however, following entry into the cytosol, the mutants exhibited actin polymerization defects resulting in inefficient intra-and intercellular spread characteristics. Importantly, all mutant phenotypes observed in this study could be restored by complementation. Based upon these findings, it appears that T6SS-1 plays a critical role in growth and actin-based motility following uptake of B. mallei by RAW 264.7 cells.
Burkholderia mallei is a nonmotile, facultative intracellular, Gram-negative bacillus that causes glanders in humans and animals. This zoonotic pathogen is an obligate animal parasite that is primarily responsible for disease in solipeds (26, 41, 50, 64) . In Asia, the Middle East, Africa, and South America, where glanders remains endemic, chronically infected horses are the only known reservoir of this host-adapted pathogen (35) . Disease in equines presents as chronic or acute illnesses characterized by lung involvement, ulcerative nasal/tracheal lesions, and visceral abscess formation. Human infections, although rare, are thought to be acquired via the inoculation of mucocutaneous tissues with aerosols or secretions from diseased animals. The clinical progression of human glanders is similar to that observed in solipeds and may manifest as chronic or acute localized infections, acute pulmonary infections, or fulminating septicemias. Diagnosis and treatment of disease can be challenging, and in the absence of chemotherapeutic intervention, human glanders is invariably fatal (3, 16, 63) . At present, there are no human or veterinary vaccines available for immunization against the disease. Due to the high risk of aerosol infection and the potential for misuse of this organism as an agent of biological warfare and terrorism, B. mallei is currently listed as a select agent by the Centers for Disease Control and Prevention (CDC) (43, 60) .
B. mallei has been shown to express several important virulence factors that are required for survival in a variety of animal models of infection (18, 32, 45, 56, 57) . Included among these are a capsular polysaccharide, lipopolysaccharide, a complex quorum-sensing system, an animal pathogen-like type III secretion system (T3SS AP ) and the VirAG two-component regulatory system (10, 13, 18, 36, 56, 57) . B. mallei is a facultative intracellular pathogen that can survive and replicate in number of eukaryotic cell lines (11, 24, 42) . Following uptake, this pathogen escapes from endocytic vacuoles into the host cell cytoplasm where it uses actin-based motility to promote intra-and intercellular spread (42, 51) . Recent studies have demonstrated that T3SS AP is essential for early vacuolar escape and survival in J774.2 murine macrophages (42) . It also appears that the T3SS AP is necessary for intra-and intercellular actin-based motility by providing B. mallei access to intracellular pools of actin (56) . Interestingly, B. mallei is also known to stimulate multinucleated giant cell (MNGC) formation, a unique phenomenon that is thought to be due in part to actin motility-induced fusion of host cell membranes (11, 24) . At present, little else is known regarding the molecular mechanisms used by this organism to persist within eukaryotic cells or how this organism specifically evades innate and acquired host immune defenses.
Type VI secretion (T6S) is a recently characterized mechanism for protein transport that is widespread among Gramnegative bacteria that interact closely with eukaryotic cells (6, 14, 21, 65) . Several studies have shown that T6S systems (T6SSs) are key virulence determinants expressed by a variety of bacterial pathogens (33, 34, 39, 45, 66) . Although relatively little is known about the structure and function of the T6S apparatus, there is mounting evidence suggesting that these systems are similar in nature to bacteriophage tail complexes (30, 37, 38) . Associated with these systems are a set of conserved T6SS core proteins including T4SS IcmF-and IcmH/ DotU-like proteins, a putative outer membrane lipoprotein (SciN), a ClpV ATPase, an interacting pair of proteins (VipA/ VipB) that form tubules, hemolysin-coregulated pilus (Hcp), and valine glycine repeat (VgrG) homologs (8, 14) . The IcmF, IcmH, and SciN are predicted to be structural components of the T6S apparatus while VipA, VipB, and ClpV are critical for T6SS assembly and function (14) . Hcp and VgrG have been shown to be secreted via T6S and are predicted to be important both as effectors and as components of the T6SS machinery (19, 38, 66) . Recent studies suggest that Hcp and VgrG may be involved in puncturing host cell membranes (14, 38) . In general, T6SSs appear to be highly regulated at the genetic level and typically involve two-component systems, transcriptional activator proteins, or posttranslational regulation (1, 17, 19, 33, 39, 45) . In a variety of pathogens, the upregulation of T6SS gene clusters has been shown to occur following interactions with host cells (17, 22, 33, 34, 46) .
Four intact T6SS gene clusters have been identified in the B. mallei ATCC 23344 genome (45) . The cluster 1 T6SS (T6SS-1) is part of the VirAG regulon and is essential for B. mallei virulence in the hamster model of glanders (45) . T6SS-1 consists of 19 genes including homologs of the eight conserved core components associated with most T6SSs (14, 45) . This gene cluster is adjacent to and is coregulated with virAG and the Burkholderia intracellular motility genes (bimBCADE) (45) . T6SS-1 has been shown to be expressed in vivo and can be activated in vitro by overexpression of the VirAG two-component system or the AraC-type regulator BMAA1517 (45) . Mass spectroscopy studies have demonstrated that when VirAG is overexpressed in B. mallei, Hcp1 is the major protein secreted into culture supernatants (45) . In addition, both tssD and tssE, genes predicted to encode components of the T6SS-1 apparatus, appear to be required for Hcp1 secretion (45) .
At present, the specific function of B. mallei T6SS-1 remains undefined. In order to address this, we utilized a combination of molecular genetic, cellular, and immunological approaches to characterize the interactions of B. mallei tssE mutants with RAW 264.7 murine macrophages. The main objective of this study was to develop a better understanding of the role of T6SS-1 in the pathogenesis of disease caused by this organism.
MATERIALS AND METHODS
Bacterial strains, growth conditions, and reagents. The bacterial strains used in this study are described in Table 1 . Escherichia coli strains were grown at 37°C on Luria Bertani-Lennox (LBL; Difco) agar or in LBL broth. B. mallei strains were grown at 37°C on LBL agar or in LBL broth supplemented with 4% glycerol (LB4G). Brucella agar (Difco) supplemented with 4% glycerol (BB4G) was used for plate counts. When appropriate, antibiotics were added at the following concentrations: 25 g/ml kanamycin (Km), 50 g/ml zeocin (Zeo), or 15 g/ml polymyxin B (Pm) for E. coli and 5 g/ml kanamycin or zeocin for B. mallei. For macrophage survival assays, bacteria were subcultured 1:100 into LB4G broth from overnight cultures and grown at 37°C for ϳ4 h. Bacterial stocks were maintained at Ϫ80°C as 20% glycerol suspensions. All studies utilizing viable Burkholderia pseudomallei and B. mallei were conducted under biosafety level three containment. Zeocin was purchased from Invitrogen. Unless stated otherwise, all reagents were purchased from Sigma.
Recombinant DNA techniques. DNA manipulations were performed using standard methods. Restriction enzymes (New England BioLabs), shrimp alkaline phosphatase (SAP; Promega), and Klenow DNA polymerase (Promega) were Table 2 . Construction of pEX18Zeo and pBHR1-TG. The plasmids used in this study are described in Table 1 . To facilitate allelic exchange, the sacB-based gene replacement vector pEX18Zeo was constructed as follows. Briefly, pEX18Tc was digested with EcoRV and NruI to excise the tetracycline resistance marker and then dephosphorylated with SAP. In addition, pEM7/Zeo was digested with XhoI and EcoRI, following which the reaction mixture was treated with Klenow DNA polymerase to yield a ϳ450-bp blunt-ended DNA fragment harboring the Sh ble ORF. The ϳ450-bp fragment was then cloned into the pEX18Tc backbone creating pEX18Zeo. Orientation of the Sh ble ORF was confirmed by sequencing of pEX18Zeo constructs using the zeo-F primer.
For complementation studies, the tandem expression vector pBHR1-TG was constructed as follows. Briefly, the gfp-up/gfp-RMCS primer pair was used to PCR amplify the gfp allele from pBHR4-GFP (where GFP is green fluorescent protein). The PCR product was then digested with EcoRI and NcoI and cloned into pBHR1 digested with the same enzymes. To facilitate cloning of tssE downstream of the constitutively expressed gfp allele, BamHI-KpnI-SacI-HindIII restriction sites were incorporated into the primer gfp-RMCS.
Mutant construction and complementation. To facilitate the construction of mutant strains, a spontaneous sucrose-resistant derivative of B. mallei ATCC 23344, designated SR1A, was obtained and confirmed as previously described (55) . Gene replacement experiments with B. mallei SR1A were performed using the sacB-based allelic exchange vector pEX18Zeo. To construct pEX18Z-⌬tssE, the tssE-FKp/tssE-RH primer pair was used to PCR amplify the ⌬tssE allele from pGRV2-⌬A0739. The PCR product was then digested with KpnI and HindIII and cloned into pEX18Zeo digested with the same enzymes. To construct pEX18Z-⌬tssEgfp, a promoterless gfp was PCR amplified from pBHR4-GFP using the gfp-upSal/gfp-dnSal primer pair. The PCR product was then digested with SalI and cloned into pEX18Z-⌬tssE digested with the same enzyme. To construct pEX18Z-⌬bsaZ, the bsaZ-FKp/bsaZ-RH primer pair was used to PCR amplify the ⌬bsaZ allele from B. pseudomallei ⌬sctU Bp3 genomic DNA. The PCR product was then digested with KpnI and HindIII and cloned into pEX18Zeo digested with the same enzymes.
To construct the mutants used in this study, E. coli S17-1 was used to mobilize the pEX18Zeo derivatives into the various B. mallei strains via conjugative mating for 18 h at 37°C. To select for transconjugates, conjugation mixtures were plated onto LB4G-Zeo-Pm agar and incubated for 48 h at 37°C. To isolate sucrose-resistant colonies, individual transconjugates were streaked onto M9 minimal medium agar containing 0.4% glucose and 5% sucrose and incubated for 4 to 5 days at 37°C. Sucrose-resistant colonies were then screened for the presence of mutant alleles by PCR. To construct pA0739G for complementation experiments, the tssE-FKp/tssE-RH primer pair was used to PCR amplify a wild-type copy of tssE from B. mallei ATCC 23344 genomic DNA. The PCR product was then digested with KpnI and cloned into pBHR1-TG digested with KpnI and ScaI. E. coli S17-1 was used to mobilize all of the broad-host-range plasmids into the various B. mallei strains as described above.
Cell culture. The murine macrophage cell line RAW 264.7 (ATCC TIB-71) was obtained from the American Type Culture Collection (ATCC, Rockville, MD). Cells were maintained in Dulbecco's modified Eagle's medium (DMEM; Invitrogen) supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (FBS; Invitrogen) and a standard mixture of antibiotics (100 U/ml penicillin, 100 g/ml streptomycin, and 250 g/ml amphotericin B) at 37°C under an atmosphere of 5% CO 2 . For macrophage survival assays and microscopy studies, RAW 264.7 cells were resuspended in DMEM supplemented with FBS (DMEM-10), transferred into the wells of 24-well tissue culture plates, with or without coverslips, and incubated overnight.
Macrophage survival assays. Bacterial uptake and survival were quantitated using modified gentamicin protection assays as previously described (11) . In brief, bacterial suspensions (ϳ1 ϫ 10 6 CFU) were added onto RAW 264.7 cells (ϳ1 ϫ 10 6 cells/well) in triplicate. Monolayers were incubated with the bacteria for 1 h and then washed twice with Hanks' balanced salt solution (HBSS; Invitrogen) to remove extracellular bacteria. Fresh DMEM-10 containing 200 g/ml Gm was then added to suppress the growth of residual extracellular bacteria. Monolayers were lysed at various time points postinfection with 0.2% (vol/vol) Triton X-100, and serial dilutions of the lysates were plated onto BB4G agar and incubated at 37°C for 48 h. Plate counts were then used to enumerate bacterial loads. Uptake and intracellular survival were routinely quantified at 3 and 24 h postinfection. For time course experiments, uptake and survival were quantitated at 3, 6, 12, 18, and 24 h postinfection.
Immunofluorescence staining and microscopy. RAW 264.7 cells (ϳ2.5 ϫ 10 5 to 5 ϫ 10 5 cells/well) were grown overnight on 12-mm glass coverslips (Fisher Scientific) in 24-well tissue culture plates. For MNGC and actin polymerization studies, monolayers were infected with the B. mallei strains using ϳ1 ϫ 10 6 to ϳ1 ϫ 10 8 CFU. For all other assays, monolayers were infected using ϳ1 ϫ 10 7 CFU. For all assays, infected monolayers were washed with phosphate-buffered saline (PBS), fixed with 2.5% paraformaldehyde (PFA) for 15 min, and then washed extensively with PBS prior to staining with specific antibodies, phalloidin (Invitrogen), or DRAQ5 (Alexis Biochemicals). Monolayers were immunostained at room temperature essentially as previously described (11, 29) .
To facilitate differential staining of extracellular versus intracellular bacteria, RAW 264.7 cells were infected for 3 h, fixed, and then stained with the B. mallei lipopolysaccharide (LPS)-specific 3D11 monoclonal antibody (MAb; Research Diagnostics Inc), diluted 1:1,000 in PBS containing 10% normal goat serum (Invitrogen) in the absence of a permeabilizing agent. Cells were then washed several times with PBS containing 0.05% (wt/vol) saponin (S-PBS) and incubated with Alexa Fluor 568 goat anti-mouse IgG (Invitrogen) diluted 1/800 in PBS containing 10% normal goat serum and 0.1% (wt/vol) saponin (SS-PBS).
For lysosome-associated membrane protein 1 (LAMP-1) colocalization studies, RAW 264.7 cells were infected for 3 h, fixed, and stained with the rat anti-mouse LAMP-1 clone 1D4B MAb (Developmental Studies Hybridoma Bank) diluted 1:100 in SS-PBS. Monolayers were then washed several times with S-PBS and incubated with Alexa Fluor 568 goat anti-rat IgG (Invitrogen) and DRAQ5 diluted 1/800 and 1/2,000, respectively, in SS-PBS. Association of SR1A (pBHR1-TG) and BM0739G (pBHR1) with LAMP-1-positive vacuoles was quantitated by scoring the colocalization phenotypes of at least 50 individual bacteria from each of three different coverslips. Percent association was then expressed as the mean Ϯ standard deviation.
To assess MNGC or actin motility phenotypes, RAW 264.7 cells were infected with B. mallei strains as per the macrophage survival assays. For assays utilizing a multiplicity of infection (MOI) of Ն10, infected monolayers were also incubated in the presence of 200 g/ml aminoguanidine (AG) (11, 47) . At 12 and 24 h postinfection, monolayers were fixed and incubated with Alexa Fluor 568-phalloidin (Invitrogen) and DRAQ5 diluted 1/200 and 1/2,000, respectively, in SS-PBS.
Following staining, coverslips were washed with PBS, rinsed with water, and then mounted onto glass slides with Mowiol. Fluorescence and differential interference contrast (DIC) microscopy were performed with a Nikon Eclipse 90i imaging system using either a CFI Plan Fluor 40ϫ/0.75 objective or a CFI Plan APO VC 60ϫ/1.4 oil objective (Nikon Instruments Inc.). Images were acquired using NIS-Elements Advanced Research software (Nikon Instruments Inc.).
Transmission electron microscopy (TEM). RAW 264.7 cells (ϳ5 ϫ10 5 cells/ well) were grown overnight on 13-mm diameter Thermanox coverslips (Nunc, Inc., Naperville, IL) in 24-well tissue culture plates and infected with B. mallei strains (ϳ1 ϫ 10 7 CFU) in the presence of 200 g/ml AG as per macrophage survival assays (11) . At 6 h postinfection, monolayers were washed and then fixed overnight in 100 mM sodium cacodylate buffer (pH 7.2) containing 2.5% glutaraldehyde and 4% PFA. Samples were then prepared for TEM as previously 
RESULTS
B. mallei T6SS-1 is expressed following uptake by RAW 264.7 cells. Previous studies have shown that B. mallei T6SS-1 mutants are avirulent in the hamster model of glanders (45) . To better understand the role of T6SS-1 in the pathogenesis of disease caused by B. mallei, we initiated studies to characterize the interactions of tssE mutants with RAW 264.7 murine macrophages. To facilitate these studies, we constructed both B. mallei BM0739 (⌬tssE) and B. mallei BM0739G (⌬tssE::gfp) strains. To confirm the phenotype of the green fluorescent protein (GFP) reporter strain, BM0739G was transformed with pBHR2-virAG or the vector control pBHR1. Consistent with previous observations, BM0739G grown in LB4G medium or DMEM-10 did not express GFP unless virAG was overexpressed from the multicopy plasmid (data not shown).
To determine if T6SS-1 was expressed following uptake by RAW 264.7 cells, monolayers were infected with BM0739G (pBHR1). For control purposes, monolayers were also infected with BM0739G (pBHR2-virAG). At 3 h postinfection, monolayers were fixed, stained, and then examined using a combination of DIC and fluorescence microscopy. To enable differentiation between intracellular and extracellular bacteria, the fixed monolayers were stained with a B. mallei-specific MAb under nonpermeabilizing conditions. As predicted, analysis of BM0739G (pBHR2-virAG)-infected monolayers demonstrated that while both the intracellular and extracellular bacteria expressed GFP, only the extracellular bacteria reacted with the MAb, thus exhibiting red fluorescence (Fig. 1A) . In contrast, analysis of BM0739G (pBHR1)-infected monolayers demonstrated that while the extracellular bacteria exhibited red fluorescence, only the intracellular bacteria expressed GFP (Fig. 1B) . These findings indicated that B. mallei T6SS-1 was expressed following interaction with RAW 264.7 cells and that internalization was required for operon expression.
tssE is required for optimal growth of B. mallei in RAW 264.7 cell monolayers. Several studies have shown that B. mallei can survive and replicate in J774.2 and RAW 264.7 murine macrophage cell lines (11, 42, 45, 47) . To examine the ability of B. mallei tssE mutants to survive within RAW 264.7 cells, bacterial uptake and intracellular survival phenotypes were characterized utilizing modified gentamicin-protection assays. Monolayers were infected with SR1A (parent strain), BM1533 (T3SS AP mutant), or BM0739 at an MOI of 1. Following uptake (3 h), results indicated that intracellular levels of bacteria were similar for all three strains ( Fig. 2A) . Quantitation of bacterial loads at 24 h postinfection, however, demonstrated that while intracellular levels of SR1A increased ϳ100-fold over the course of the assay, BM1533 was completely cleared from the monolayers (Fig. 2A) . In addition, although BM0739 could be recovered from infected monolayers, bacterial loads were ϳ10-fold lower than those of the parent strain, indicating an apparent growth defect ( Fig. 2A) . Similar results were also observed for BM0739G (data not shown). Importantly, this phenotype could be complemented since expression of a plasmid-borne copy of tssE by BM0739 (pA0739) restored growth of the deletion mutant back to wild-type levels (Fig. 2B) . 
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To determine if the growth phenotype associated with the tssE mutants was due to survival or replication defects, a time course assay was performed. Following infection of the RAW 264.7 monolayers, intracellular loads of SR1A, BM1533, and BM0739 were quantitated at various time points postinfection. As expected, uptake levels (3 h) were similar for all three strains (Fig. 3) . Consistent with previous results, analysis of SR1A-infected monolayers demonstrated that bacterial loads increased ϳ100-fold over 24 h while BM1533 was rapidly cleared from monolayers by 6 h postinfection (Fig. 3) . Interestingly, while the growth rates of BM0739 were similar to the growth of SR1A between 3 and 12 h, they began to slow between 12 and 24 h postinfection (Fig. 3) . Importantly, the growth rates of BM0739 and SR1A were virtually identical when they were grown in LB4G medium (data not shown). Based upon these findings, it appears that B. mallei tssE mutants do not exhibit overt survival defects in RAW 264.7 cell monolayers. It cannot be ruled out, however, that the slower growth rate of the tssE mutants between 12 and 24 h may be due in part to enhanced sensitivity to macrophage effectors.
B. mallei tssE mutants do not induce MNGC formation following infection of RAW 264.7 monolayers.
Previous studies have shown that B. mallei induces MNGC formation following infection of RAW 264.7 cells (11, 24) . Consistent with these findings, SR1A and BM0739 (pA0739) caused RAW 264.7 cell monolayers to undergo obvious morphological changes during the course of the uptake/survival assays. Interestingly, however, no such changes were associated with BM0739-infected monolayers during the same time frame (data not shown). To further investigate this phenomenon, coverslips seeded with RAW 264.7 cells were infected with strain SR1A (pBHR1-TG), BM0739 (pBHR1-TG), or BM0739 (pA0739G) that constitutively expresses GFP from plasmid-borne copies of gfp. At 12 and 24 h postinfection, monolayers were fixed, stained, and examined by DIC and fluorescence microscopy. Results of these studies demonstrated that monolayers infected with SR1A (pBHR1-TG) and BM0739 (pA0739G) consistently exhibited the presence of MNGC formation Fig. 4A , B, and C). In contrast, no evidence of MNGCs was observed in monolayers infected with BM0739 (pBHR1-TG, Fig. 4D and E). In addition, when monolayers were infected at an MOI of 2, high numbers of GFP-expressing bacteria were associated only with those monolayers exhibiting MNGC formation (Fig. 4B, C , and E), which was consistent with results from the uptake/survival studies. Importantly, even when monolayers were infected with 100-fold more BM0739 (pBHR1-TG) than SR1A (pBHR1-TG), no evidence of MNGC formation was observed at 24 h postinfection (Fig. 4F) . Taken together, these findings suggest that B. mallei T6SS-1 is required for both MNGC formation and optimal intracellular growth.
B. mallei tssE mutants undergo vacuolar escape following uptake by RAW 264.7 cells. Previous studies have shown that B. mallei must escape from LAMP-1-positive vacuoles in order to survive and replicate in J774.2 cells (42) . In addition, it has also been shown that T3SS AP plays a critical role in this process (42) . Because the tssE mutants examined in this study exhibited apparent growth defects following uptake by RAW 264.7 cells, studies were initiated to determine what role, if any, T6SS-1 might play in vacuolar escape. To facilitate these studies, coverslips seeded with RAW 264.7 cells were infected with B. mallei SR1A (pBHR1-TG), BM0739G (pBHR1), and BM1533 (pBHR1-TG). To determine whether the tssE mutant or control strains were capable of undergoing escape from LAMP-1-associated vacuoles, monolayers were washed, fixed, and then stained with the 1D4B MAb prior to examination by fluorescence microscopy. Consistent with previous observations, SR1A (pBHR1-TG) was found to promote escape from LAMP-1-positive vacuoles, whereas the T3SS AP mutant, BM1533 (pBHR1-TG), was unable to do so (data not shown). Importantly, and similar to the parent strain, BM0739G (pBHR1) was shown to both associate with and then escape from LAMP-1-positive vacuoles (Fig. 5A) . Additionally, quantitative analyses revealed no obvious differences between the LAMP-1 colocalization phenotypes of SR1A (pBHR1-TG; 21.6% Ϯ 4.4% association) and BM0739G (pBHR1; 26.9% Ϯ 1.3% association) at 3 h postinfection. 
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To further confirm the vacuolar escape phenotypes of the parent and mutant strains, infected RAW 264.7 cell monolayers were also prepared for analysis by TEM. Results demonstrated that both SR1A and BM0739 were capable of disrupting vacuolar membranes, providing entry into the cytosol of the host cells (Fig. 5B and C) . Consistent with results from the LAMP-1 colocalization studies, BM1533 was unable to undergo vacuolar escape and remained trapped within membrane-bound vacuoles (Fig. 5D) . Collectively, these findings indicated that the growth defect associated with the tssE mutants was not due to vacuolar escape defects.
B. mallei T6SS-1 is expressed prior to escape from LAMP-1-associated vacuoles. Previous studies indicate that the T6SSs expressed by a variety of different bacteria are upregulated following interactions with phagocytic cells (17, 22, 33, 34, 46) . In the present study, results suggested that B. mallei T6SS-1 was expressed following uptake by RAW 264.7 cells but prior to escape of the organism from LAMP-1-positive vacuoles into the host cytosol. In order to confirm these observations, coverslips seeded with RAW 264.7 cells were infected with B. mallei BM0739Z, washed, fixed, and stained with anti-LAMP-1 antibodies. The reporter strain, BM0739Z (⌬bsaZ ⌬tssE::gfp), was used for this purpose to take advantage of the fact that B. mallei ⌬bsaZ mutants remain trapped within membrane-bound vacuoles (Fig. 5D) . Consistent with previous assays, results demonstrated that GFP was expressed within 3 h postinfection and that, as expected, BM0739Z was incapable of escape from LAMP-1-associated vacuoles (Fig. 6) . Taken together, these findings demonstrated that the signal required for T6SS-1 expression was provided prior to disruption of and escape from late phagosomes.
B. mallei tssE mutants exhibit actin polymerization and intercellular spread defects in RAW 264.7 cells. It has been previously shown that following vacuolar escape into the cytosol, B. mallei is able to polymerize host cell actin (11, 42, 51) . By polymerizing actin tails at its pole, B. mallei appears to propel itself throughout the cytoplasm, facilitating both intraand intercellular spread (11, 42, 51) . In addition, studies in our lab suggest that that actin-based motility may play a role in B. mallei-induced MNGC formation (unpublished data). To determine if the inability of the B. mallei tssE mutants to stimulate MNGC formation was due to actin polymerization defects, coverslips seeded with RAW 264.7 cells were infected with strain SR1A (pBHR1-TG), BM0739G (pBHR1), or BM0739G (pA0739). At 24 h postinfection, monolayers were fixed, stained, and examined by fluorescence microscopy. Results of these studies demonstrated that RAW 264.7 monolayers infected with either SR1A (pBHR1-TG) or BM0739G (pA0739) exhibited obvious signs of intra-and intercellular motility as well as MNGC formation (Fig. 7A, B, and C) . Consistent with the results shown in Fig. 4B and C, high numbers of bacteria were also observed in monolayers infected with these strains (Fig. 7A, B, and C) . In contrast, monolayers infected with BM0739G (pBHR1) exhibited observable actin polymerization defects and no signs of MNGC formation (Fig. 7D) . Consistent with Fig. 4E , low numbers of the mutant were also typically seen in infected monolayers (Fig. 7D) . Such findings are supportive of the apparent growth defects observed throughout this study. In addition, macrophages containing high numbers of BM0739G (pBHR1) were also sporadically observed (Fig.  7E) . Interestingly, even in such instances, actin-based motility appeared inefficient, cell-to-cell spread was lacking, and MNGC formation was absent (Fig. 7E) . Even when monolayers were infected with a high dose of BM0739G (pBHR1-TG) (MOI of 200), no obvious signs of actin polymerization were observed (Fig. 7F) . Collectively, these findings suggest that (20, 23, 31) . Consistent with these observations, several recent studies have shown that B. mallei can survive and replicate in a variety of murine macrophage cell lines (11, 42, 62) . In the present study, we characterized the interactions of B. mallei tssE mutants with RAW 264.7 murine macrophages and provided evidence that T6SS-1 is required for optimal growth and actin-based motility within this cell line.
Several studies suggest that the expression of T6SSs by Gram-negative bacteria requires intimate contact with or up- 
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take by eukaryotic cells (17, 22, 33, 34, 46) . In most instances, the regulation of T6SSs appears to be dependent on regulatory mechanisms that involve two-component systems and activators of the AraC or sigma 54 families (1, 17, 19, 33, 39, 45) . Such complex gene regulation likely ensures that T6SSs are expressed only at appropriate times during the infection process (14) . Activation of B. mallei T6SS-1 has been shown to involve both the virulence-associated VirAG two-component regulatory system and the AraC type regulator BMAA1517 (45) . In the present study, we demonstrated that overexpression of VirAG by B. mallei BM0739G (pBHR2-virAG) resulted in the production of GFP by the mutant reporter strain. Importantly, it was also shown that GFP was expressed by B. mallei BM0739G (pBHR1) only after internalization by RAW 264.7 cells. These findings are consistent with previous studies by Shalom et al. demonstrating that the expression of a homologous T6SS by B. pseudomallei is similarly induced following uptake by RAW 264.7 cells (46) . On the basis of these observations, it is evident that T6SS-1 is expressed early during the infection process, thus implicating a critical role for this system following uptake of B. mallei by phagocytic cells. Signal transduction pathways are important mechanisms used by bacteria to sense, respond to, and adapt to environmental changes. Common signals sensed by components of these pathways include changes in temperature, pH, osmolarity, cation concentration, and oxygen tension (4). Specific examples of virulence-associated two-component systems include the Salmonella enterica PhoPQ system that responds to changes in Mg 2ϩ and Ca 2ϩ concentrations as well as the Bordetella pertussis BvgAS system that responds to changes in temperature (4, 5, 27, 59) . To date, the specific environmental cue that triggers the expression of the B. mallei VirAG twocomponent system remains to be defined. Two important observations from the present study suggest that the signal required for activation of T6SS-1 is provided within the phagosomal environment of RAW 264.7 cells. First, there was no evidence of T6SS-1 expression by extracellular B. mallei following infection of the monolayers. Second, expression of GFP by B. mallei tssE::gfp reporter strains was observed in association with LAMP-1-positive vacuoles, suggesting that T6SS-1 was expressed within endocytic vacuoles prior to escape. In addition, experiments employing a B. mallei T3SS AP / T6SS-1 double mutant confirmed that T6SS-1 was expressed by bacteria confined within membrane-bound vacuoles. These observations are consistent with recent reports demonstrating that expression of Francisella tularensis T6SS genes is induced within the Francisella-containing phagosome and does not require bacterial entry into the host cell cytosol (2, 15) . Although further studies will be required to identify the specific signal sensed by VirAG that stimulates T6SS-1 expression, our findings indicate that it appears to be provided subsequent to uptake but prior to phagosomal escape of B. mallei into the host cytoplasm.
Most of the virulence-associated T6SSs described to date have been shown to influence the intracellular behavior of bacteria with phagocytic cells. For example, T6SS mutants of Aeromonas hydrophilia and Burkholderia cenocepacia are less cytotoxic to macrophages than wild-type strains (1, 53) . Similarly, Edwardsiella tarda and F. tularensis T6SS mutants exhibit intracellular growth defects in fish phagocytes and murine macrophages, respectively (2, 15, 17, 40) . Likewise, in this study, we demonstrated that although B. mallei tssE mutants are able to survive within RAW 264.7 cells, significant growth defects were observed in comparison to the parent strain. Subcellular localization experiments revealed that while B. mallei T3SS AP mutants remained trapped within membrane-bound vacuoles, B. mallei tssE mutants were capable of undergoing escape. These observations are consistent with a previous report demonstrating that a functional T3SS AP is required for vacuolar escape and survival in J774.2 cells and indicate that the apparent growth defect associated with B. mallei tssE mutants was not due to confinement within the phagosomal environment (42) . This finding is unique in comparison to F. tularensis, in which T6SS mutations have been shown to prevent or delay bacterial escape from phagosomes (2, 15, 44) . Interestingly, our data also appear to differ from previous studies by Shalom et al. demonstrating that B. pseudomallei T6SS mutants replicate to wild-type levels within RAW 264.7 cells (46) . Although B. mallei T6SS-1 does not appear to be required for vacuolar escape, it does appear to play an important role following entry into the host cell cytosol. Further studies will be required, however, to determine a specific role for this system with regard to intracellular growth.
Similar to other intracellular pathogens, B. mallei is able to polymerize host cell actin and promote actin-based motility following entry into the cytoplasm. It has been proposed that by doing so, the organism can evade host immune responses by spreading cell to cell undetected. Previous studies have demonstrated that the motility phenotypes exhibited by B. mallei and B. pseudomallei are due in part to the expression of several bim-associated loci (45, 51) . In contrast to other microbial species, the specific mechanism used by these organisms to facilitate actin polymerization appears unique (9) . Recently, studies by Stevens et al. have shown that B. pseudomallei BimA is an autotransported protein that localizes to the bacterial pole and is required for actin tail formation (51, 52) . In addition, B. mallei BimA has been shown to be required for actin-based motility in J774.2 murine macrophages (45) . In the current study we demonstrated that, following uptake by RAW 264.7 cells, B. mallei tssE mutants exhibited significant intra-and intercellular spread defects in comparison to control strains. Importantly, these defects could be restored by complementation. To our knowledge, this is the first report of an apparent link between a T6SS and bacterially induced actin-based motility. At present, the molecular basis for these mutant phenotypes is unclear. It is interesting to speculate, however, that T6SS-1 might be required for optimal activity of bim gene products or that it functions to establish a favorable host environment in which B. mallei can efficiently polymerize actin.
B. mallei and B. pseudomallei are known to cause MNGC formation both in vitro and in vivo (7, 11, 20, 24, 28, 49) . At present, the relevance of MNGCs with respect to virulence is unclear; however, it has been proposed that giant cells may provide these pathogens with an immune-privileged niche in which to survive and replicate within a host (7) . The formation MNGCs from mononuclear cells is thought to be a result of cell fusion events; however, very little is known about the bacterial and host cell factors that are involved in 96 BURTNICK ET AL. INFECT. IMMUN.
this process (7, 24, 28) . To date, both BipB and RpoS have been implicated in B. pseudomallei-induced MNGC formation in murine macrophage cell lines (54, 58) . One of the most striking observations from this study was the inability of B. mallei tssE mutants to induce MNGCs following infection of RAW 264.7 cell monolayers. Several previous studies have suggested that MNGC formation may require both actin-based motility and intercellular spread (9, 24, 28, 51) . Consistent with this hypothesis, our results demonstrate that the inability of B. mallei tssE mutants to induce MNGCs correlates with the actin polymerization and spread defects exhibited by these strains. The exact role of actin-based motility with regard to MNGC formation, however, remains to be experimentally defined. Based on our results as well as those from other groups, we propose a model describing the interactions of B. mallei with RAW 264.7 cells (Fig. 8) . In this model, we suggest that a critical relationship exists between the coordinate expression of T3SS AP and T6SS-1. In addition, we indicate that following vacuolar escape, B. mallei T6SS-1 plays an influential role in intracellular growth, actin polymerization, cellto-cell spread, and MNGC formation during infection. At present, the molecular mechanisms underlying the mutant phenotypes described in this study remain unclear. Studies are ongoing to more fully characterize the function of this important virulence factor in the pathogenesis of disease caused by B. mallei. 
